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Abstract 

We show the universal seesaw in the extra dimension setup, where three 
extra vector-like fields exist in the 5D bulk with heavy masses. We take the 
framework of the left-right symmetric model. The universal seesaw formula 
is easily obtained as a replacement of the vector-like mass in 4D case Mj to 
2M* tan[7r i?Mj] (M#: 5D Planck scale, Mf vector-like bulk mass, and R: 
compactification radius). The smallness of Dirac neutrino mass can be naturally 
explained in the 5D setup. We also show the Majorana neutrino case. 
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1 Introduction 



The origin of quark and lepton masses is still a mystery, which can be a very 
important key for searching a fundamental theory beyond the standard model (SM). 
Why are fermion masses except for top quark mass much smaller than electroweak 
breaking scale, and why are neutrino masses much smaller than other fermion masses? 
The ordinal seesaw mechanism was suggested to explain the smallness of neutrino 
masses[l]. The smallness of quark and lepton masses (except for top quark mass) 
comparing to the electroweak breaking scale can be explained in a different framework, 
where vector-like extra fermions are introduced with heavy masses. This mechanism 
is so-called universal seesaw mechanism [2] -[8]. The extra fermions have vector-like 
masses so that they have no effects to the electroweak precision measurements. The 
left-right symmetric model with a gauge group, SU(3) C x 577(2) l x SU (2) r x U (1) b-l, 
is one example which can have a universal seesaw structure. For the top quark mass 
which is the same order as electroweak symmetry breaking, we should take special 
setup [7] t. 

In this paper we show the universal seesaw mechanism in the flat extra dimension 
setup [9]. We show the 5D universal seesaw in the framework of the left-right symmet- 
ric model. We introduce extra vector-like (SU(2) L x SU(2) R singlet) fields in the 5D 
bulk, and other fermions on the 4D brane. The 5D universal seesaw formula is easily 
obtained as a replacement of the vector-like mass in 4D case M; to 2M* tan[7r RM,j\ 
(M*: 5D Planck scale, Mf vector-like bulk mass, and R: compactification radius) [10]. 
As for the neutrinos, the smallness of Dirac neutrino masses can be naturally explained 
in the 5D setup. Only Dirac neutrino masses can be very small when the bulk neutrino 
masses are close to a half of compactification scale. We will also show the Majorana 
neutrino case, where 5D seesaw mechanism works. For the heavy top quark mass, 
the vector-like extra "top" quarks should be localized on the 4D brane. 

This paper is organized as follows. In section 2, we show a brief review of 4D 
universal seesaw. Section 3 shows the 5D universal seesaw formula. For the neutrino 
sector, we will study both Dirac and Majorana neutrino cases. Section 4 shows the 
summary. 

2 4D universal seesaw mechanism 

At first we briefly review the 4D universal seesaw mechanism in the left-right sym- 
metric model, which has a gauge group, S77(3) c x SU(2) L x SU(2) R x U(\) B -l- The 
quark sector is given by 




(1) 



^ Another approach for the large top mass has been studied in S3 flavor symmetry [5]. 
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U Li = (3, 1, 1, 4/3), U Ri = (3, 1, 1, 4/3), (2) 

D Ll = (3, 1, 1, -2/3), D Rl = (3, 1, 1, -2/3). (3) 

The Higgs sector are 

^ = (1,2,1,1), H R = (1,1,2,1), (4) 
which take vacuum expectation values (VEVs) as 

(Hl) = ( „° ) = (0.^.0.0). (Hr) = (v r ) = (°> >^>°)> ( 5 ) 

where vr ^> vl must be satisfied with vr > C(10 4 ) GeV from the experimental search 
ofWfl[ll]. 

The most general Yukawa interactions in the quark sector are 

£ q mas S = yij L QLiH L U Rj + yij R Q Ri H R U Lj + M Uij U Li U Rj + h.c. (6) 
+ yf] L ^ i H L D Rj + yffQ R ' i HRD Lj + M Vij D^ i DR j + h.c., (7) 

where H = eH* and M's are bare mass parameters. Without loss of generality, 
Muij (M-Dij) can be a real diagonal matrix, diag(M[/, Mc, M T ) (diag(Mo, M s , M B )), 
through a bi-unitary transformation. 

Then, the up- and down-type mass matrices are given by 

'■MA. {1 MA, COUl (8) 

respectively. We take real VEVs, for simplicity, and note m\ij = y^ L VL, fn R ij = 
yij R VR, rn d L ij = yfj L vi, and m R ij = yfj R VR. Since we have already used the degrees 
of freedom for Mu,v to be a flavor diagonal, field redefinitions remain only in Ql,r- 
These field redefinitions can make m,L,R triangular matrices as 



™l,r = 



( x \ 

x x 

y x x x J 



(9) 



where x stands for non-zero element [7]. 

The \m u £ d \ is of order 100 GeV and \m u /\ > 10 4 GeV. When \M u ,v\ > \m u /\, 
light three generation quarks' masses are given by 



(Wig*)* - -(Oik ^~ (m R T ) kj , (Mf ight ) ik ~ -(m d L ) ik J- (m d R T ) kj ,(10) 



which is so-called universal seesaw formula. We assume and m R are diagonal 
matrices of the flavor base from now on. We do not make any particular assumption 
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on the structure of the down-type Yukawa matrix, which is the origin of flavor mixings 
in the quark sector. 

Considering the bottom quark mass, the scale of \M B \ is expected to be of order 
10 2 x \m b R \. When \M B \ ~ \M S \ ~ \M D \ ~ \M T \ ~ \M C \ ~ \M V \, other quark masses 
can be reproduced through the universal seesaw with the mass hierarchies of mL,ic 
except for the top quark mass. In order to obtain the suitable magnitude of top quark 
mass, \m R \ should be the same order as (or even larger than) |Mt|[7]. In this case, 
the top quark and heavy extra T, T quark masses are given by 



m t- / m t mR 9 > m T ~ y]m% + Ml (11) 
yjm% + M| 

respectively. This suggests m t = O(10 2 ) GeV. 

Next, let us show the lepton sector, which is give by 

L ^=(e t ) = (1,2,1,-1), ^=(ej) =(1,1,2,-1), (12) 

N Ll = (1,1,1,0), JV fli = (l,l,l,0), (13) 

E Li = (1,1, 1,-2), E Ri = (1,1, 1,-2). (14) 

The most general Yukawa interactions in the lepton sector are given by 
ri _ r I f 

'-mass ~ ' 

C = y*fl^ i H L E Rj +yefl^ i H R E Lj + M eij E2 i E Rj + h.c. 

+ yfT7 Li H L N Rj +y v fT^ i H R N Lj + M Ni3 W Li N Rj +h.c. (15) 

£ = y^f^HLNtj + yfLR-.HnN^ 

+ M NLi3 W L t N Lj + M NRi3 W Ri N Rj + h.c. (16) 

Co conserves the lepton number while £ breaks the lepton number. 

When £ = 0, the neutrino and charged lepton mass matrices are given by 

A (i7) 

which are similar to the quark mass matrices. We take real VEVs and note m u LR = 
y u,L ' R v L ,R, rn e LJi = y e ' L ' R v L:R . We can expect |m£ e | = C(10 2 ) GeV and \m u /\ > 
(9(10 4 ) GeV. The masses of light three generation leptons are given by 

Ught) ij * -KU (™ R T ) kj , m gh t^ ^ -«)* ^ (rn R T ) kj ,(lS) 



^It is possible to reproduce quark and lepton mass hierarchies by the mass hierarchies of Mu y v, 
but in this paper we take a standing point that vector-like masses are all the same order. 
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when \m R \ 
\M T \ 



^ Similar to the down- type quark sector, tau mass suggests 



10 x \m T R \. The mass hierarchy of m e L R can realize the mass hierarchy of 
the three generation lepton masses when \M E \ ~ |M M | ~ \M T \. For the suitable tiny 
Dirac neutrino masses, \Mj^\ must be extremely larger than other vector-like masses 
as \Mm\ ~ 10 12 x \m R \3 It is just assumption and we should explain why \Mj^\ is so 
huge comparing to other vector-like masses. 

When C 7^ 0, the neutrino mass matrix becomes 



(T7E,u R ,N L ,N c R ) 



V y 



o 
o 

r> LT v* L 

f,LT * 
•Jt 






y u ' RT v R 
y u ' RT v R 



y v ' L vl 
y u ' R v R 

M NL 
Ml 



y v ' L vl 
y v ' R v R 
M M 
M M r 





( "I 


\ 




vr 






N C L 




) 


V N R 


J 



(19) 



where ipl = Cip L and m v L R 



JJ 



u,L,R 



vl^r. Under the condition, (|m£|, \rh? L \ <C 



) \m R \, \m R \ <C \Mm\, |M^ l |, \Mx r \, the mass matrix for light six neutrinos is given 
by 

l 



Mug ht ~ 



m\ 
m 



R 



m\ 
m 



R 



Ml 




mf 



m 
m 



uT 
R 
vT 
R 



(20) 



This mass matrix has been analyzed [3]. Here we show one example of the special 
limit, m v L R = 0, in which Eq.(20) becomes 



Mi 



light 



~m v L M~ 
m v R M'- 



~ l mf 
l mK T 



m u L M'~ 
-m R M"~ 



l m uT 



R 

R 



m 



(21) 



where M's stands for functions of M/vx, Ma/r, Mj^.^ \m v L \ <C \m R \ suggests that the 
order of neutrino mass matrix of the light three generation is given by 



m light 



—m v L M 1 m 



vT 
L i 



(22) 



which is the same as the usual seesaw mechanism. Notice that Eq.(22) holds inde- 
pendently of how larger m R is than m v L as long as M's are the same order. When 
M's are of order 10 14 GeV, the suitable tiny neutrino masses are obtained through 
the seesaw mechanism. 



3 5D universal seesaw mechanism 

Now we take the 5D setup, where the 5th dimension coordinate (y) is compactified 
on S 1 /Z 2 . Only SU(2) L x SU(2) R singlets are spread in the 5D bulk, while the other 
quarks and leptons are localized on the 4D brane. We can consider two scenarios 
for the neutrino sector. One is the Dirac neutrino case and the other is Majorana 
neutrino case. We will show two cases in the following two subsections. 

§ Another possibility is that y u s are extremely smaller than other Yukawa couplings of quarks and 
charged leptons. 

^We assume non-zero determinant of the inverse matrix of Ma/l, M^r, M_\f in Eq.(20). 
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3.1 Dirac neutrino case 



This case has the same Yukawa interactions for all quarks and leptons, which is 
corresponding to 4D case of Co = in Eq.(16). Quarks and leptons are all Dirac 
fields. Here we show the neutrino mass matrix, for an example. Other mass matrices 
of quarks and leptons are obtained in the same way. 

Since the 5D theory is a vector-like theory, we must introduce the chiral partners 
iV m 's for TV's, which are mass dimension 3/2. Under Z 2 parity, y — > — y, Nl = 
(Ni, Nj n ) T (N R = (iV r m , N r ) T ) transforms as N L (x^, -y) = -f 5 N L (x», y) (N R (x», -y) = 
— 7 5 J / Vj ? (x At , y)). The mode expansions are given by 



N R (x^y) 



ttR 



n=l 

00 



C()S (m)N^ n \x^ 



n=l 

E sin(f )N^ n \x^) 
E sin(f ) N^ n \x») 



n=l 

00 



^ -feN r <- \a?) + E cos(^) N r {n \x^) 



n=l 



\ 



J 



(23) 



(24) 



where the factor 1/V2 of the zero-mode is needed for the canonical kinetic term in the 
4D effective Lagrangian. iVj, N™ (N r , N™) are left- (right-) handed Weyl fermions, in 
which Ni (N r ) has a zero-mode and survive below the compactification scale, Rr 1 . 
The bulk Dirac mass of the vector-like neutrinos is given by 



£ 5D m = MjVijN Li N Rj + h.c, 



(25) 



which is invariant under the Z 2 parity, and conserves the lepton number. We can 
always take the diagonal base of the generation index for M^^. We assume their 
eigenvalues are real for simplicity in the following discussions. By integrating out the 
5th dimension, the 4D effective Lagrangian is obtained, where Eq. (25) becomes 



-4DM 



(n) 



(26) 



n=0 



71=1 



We omit spinor indices here. Kaluza-Klein (KK) masses are given by 



a<k = E ^W (n V n) +^v (n V n) )- 



(27) 



The Dirac mass terms between the bulk fields TV's and the brane-localized lepton 
doublets L's are given by 



'4Dm 



E ^LliHlN^ + yfL Rl H R Nlf)6(y) + h.c, (28) 



* n=0 
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where M* is the 5D Planck scale. Then the 4D neutrino mass matrix is given by 



= ( 
/ 







r 



(1) 



\J2-kRM* 











r( 2 ) 



R 



2_ 

R 



V2TTRM* 



V^RMZ 

R 



VttRM, 

2_ 

R 



Mm 



Mm 



( VR \ 



N, 



m(l) 

F 

■m(2) 



V 



,(29) 



/ 



where vn v LR is triangular matrix in the flavor space as Eq.(9). 

Let us pick up the sub-matrix of n-mode from Eq.(29). Since the KK mass, n/R, is 
proportional to the unit matrix in the flavor space, all n-mode fields are diagonalized 
simultaneously in the flavor space as 



Mm I 



(30) 



where Mm = diag(M ye , M Vfl , M VT ). Since the inverse mass matrix of Eq.(30) is given 
by 

1 ( MMk -| ) 
-1 M Mk J 



M 2 mu ~ (|) 2 



(31) 



(k: generation index) the summation of the infinite numbers of "seesaw" is calculated 

as 



m 



ttRM* 



■2Mmi, 



MMk 



-(i) 2 



(m R T ) kj 



2M* tan[7rflAfv fc ] 



kji 



(32) 



when the magnitude of minfM^i ^] is much larger than the Dirac mass scale". This 
means that the 5D universal seesaw formula is obtained by the replacement 



M k -> 2M* tan[7ri?M fc ] 



(33) 



from the 4D formula[10] [12]. Other quarks and leptons' mass matrices are obtained in 
the same way. We should notice that the condition \m L \(= (9(10 2 ) GeV) <C \m R \ <C 

"The case of |Mfc| <C -R -1 reproduces the ordinal 4D universal seesaw formula with the volume 
suppression factor, (2ttRM^)~ 1 . 
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\Mk\jR~ 1 is needed for the universal seesaw formula and \m R /{2M it tan[7ri2Mfc])| 
should be of C(10~ 2 ) for the suitable mass scale of the bottom quark and tau lepton. 
They suggest 

M* ~ R- 1 = C(10 18 ) GeV, \m h £/M k \ = C(10~ 2 ). (34) 

Other quarks and charged lepton masses can be reproduced from the hierarchies of 
mL,R- We assume T, T are not bulk fields and \m R \ should be the same order as (or 
even larger than) \Mt\ in order to reproduce the heavy top quark mass as the 4D 
case. 

The tangent function is a feature in the 5D seesaw, which has the significant effects 
when \Mk\ ~ Especially, when \M^\ = the light degrees of freedom become 
massless by the infinite times "seesaw", — 2nR M x — tiki -1 + — + 

•••)—> 0. Therefore, we can explain the smallness of Dirac neutrino masses by taking 
bulk neutrino mass |M/vfc| close to In 4D, the smallness of neutrino masses needed 
an unnatural assumption of extremely huge \M^\. In 5D, tiny neutrino masses can 
be naturally realized thanks to the tangent function. The neutrino masses can be 
tiny even when \Mj^\ is the same order as other bulk masses. The condition of (M/v^l 
being very close to ^ makes the neutrino masses tiny comparing to other quarks and 
charged leptons' masses. 



3.2 Majorana neutrino case 

Next, let us show the Majorana neutrino case which corresponds to the 4D case of 
CJ 7^ in Eq.(16). The quarks and charged lepton sectors are the completely same as 
the previous subsection. The difference exists only in the neutrino sector. We take 
the bulk neutrino masses as 

£ 5 dm = M M LijMiN Lj + MtfmjNftiNRj + M Ml3 W Ll N Rj +h.c. (35) 

These masses are invariant under the Z 2 parity. The 1st and 2nd masses break 
the lepton number. By integrating out the 5th dimensional space, the 4D effective 
Lagrangian is obtained, in which Eq.(35) becomes 

oo 

Adm = J2( M *LNf in) Ni (n) + M NR N^ {n) N r ^ + M x Ni (n) N r ^) + h.c. (36) 

n=0 

oo 

- J2 {M NL 'Nf rc{n) NJ n{n) + M NR N^ {n) N^ n) - M N Nf {n) N^ n) ) + h.c. 

n=l 

KK masses are given by Eq.(27). The Dirac mass terms between the bulk fields TV's 
and the brane-localized lepton doublets L's are given by 

-1 oo 

A Dm = -jjrEiv^iHLNff +y^ R L- Rl H R Nl? 

+y^ L W u H L N^ n) + y^ R N- Rl H R N c r f)5(y) + h.c. (37) 
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Then the 4D neutrino mass matrix is given by 



( vl, 


VR, 


( 











m? 


r< 




y/2irRM* 
mKf 


^/2nRM t 


^/2nRM t . 
mV R 


-J-kRM» 


VttRM* 












V o 


VttRM, 







iV r , 


iv z ? 




iV r 


ml 


ml 


ml 






ml 


\Z2nRAh 

R. 


V2ttRM, 

mK, 
R 


VkRM* 

mK, 
R. 


VttRM* 
mK, 

R 


V2ttRM* 


V2wRM t 


VkRM* 


VttRM* 


M NL 


M N 











Ml 


M NR 



















n 
R 


M N 








n 
R 


-M NL 











Ml 





M XR 











Ml 


n 
R 



N™ {n) ) x 








M M 



R 

-M MR > 



V "I N 
VR 
N c(0) 

N c(n) 
jym(n) 

N r {n) 

yym C (n) 



(3? 



where n = 1 ~ oo. This is an infinite times infinite matrix. In the 4D limit, 
\Mml\, \Mmr\, \Mm\ <C -R -1 , the infinite mass matrix Eq.(38) reduces to 4D mass 
matrix Eq.(19). 

Here let us consider some special limits. The first is Mml,r = and rh v L R = 
which is the limit of previous subsection, and can not induce seesaw mechanism 
because it does not break lepton number. Next is the limit of M/y = and m v LR = 0. 
This case makes Eq.(38) become 








N r / n) \ 


-M NR 



:(0) 



iV r c 



<n) 



V2ttRM, 
VttRM, 







R 













V 













yJ2-KRM- t 





VnRM* 
n 

a 



M N r 






M NR 























y R, 




























-M ML 



ITT 



^2-kRM* 







r 



Ni 






(o) 








(n) 













^2wRM, 





R. 



^ttRM, 
n 

a 



V "1 \ 

ATmc(n) 
r 

N r {n) 

VR 



Mjstl 






M NL J 



N c(0) 



Two same structures appear in upper-left and downer-right parts in this matrix. This 
means two 3x3 mass matrices are obtained through the seesaw mechanism, when 
\™>l,r\ < \M MLiR \,R~\ They are given by [10] [13]- [15] 

1 



m 



m 



~ -(ml) 



ik 



2M* tanh[7r RM XRk ] 
1 

2M* tanh[irRMtf Lk ] 



«) 



kji 



R )kj- 



(39) 
(40) 



When \m v R /M k \ = C(10~ 2 ) is satisfied as Eq.(34), the bulk mass \M^ Rk \ should be of 
(9(10 14 ) GeV for the suitable mass scale \m Vl \ = C^IO -1 ) eV of the three generation 
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active neutrinos. It is natural to consider |M/v.r&| ~ |M/VLfc|j which suggests \m Ur \ = 
C(10 10 ) GeV from Eq.(34). The limit, M x = and m LtR = 0, changes Eqs.(39) and 
(40) as 

< = 2M, tmh U'W [mf)k " (41) 

< * 2M.t M J,W M ] «V (42) 
Both limits satisfy the 4D relation 

\m Vl \\m Ur \ ~ |m T | 2 (43) 

when |M^ L)i? | ~ |M £ |. 



4 Summary 

We have shown the universal seesaw mechanism in the flat extra dimension setup. 
The 5D universal seesaw has been demonstrated in the framework of the left-right 
symmetric model. We introduce extra vector-like isosinglet fields in the 5D bulk. The 
universal seesaw formula is easily obtained as a replacement of the vector-like mass in 
4D case M; to 2M* tan[7r_RMj] (M*: 5D Planck scale, Mf vector-like bulk mass, and 
R: compactification radius). As for the neutrinos, the smallness of Dirac neutrino 
masses can be naturally explained in the 5D setup. Only Dirac neutrino masses can 
be very small when the bulk neutrino masses are close to a half of compactification 
scale. We have also shown the Majorana neutrino case, where 5D seesaw mechanism 
works. For the large top mass, the vector-like top quarks should be localized on the 
4D brane. 

We can also consider the universal seesaw mechanism in the frame work of SU (5) 
GUT. When heavy three generation vector-like 10 and 1 fields and singlet Higgs field 
are introduced in the bulk, the universal seesaw mechanism works in the 5D SU(5) 
GUT [8]. The 5D universal seesaw calculations are easily achieved by the replacement 
of /i 10 -> tanh[27rifyii ] in Eqs.(3.6)-(3.8) and (l' H ) -> tanh[27r J R(l'^)] in Eq.(3.9) of 
Ref.[8]. 
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